Diamond-like carbon (DLC) coatings are recognised as a promising way to reduce friction and improve wear performance of automotive engine components. DLC coatings provide new possibilities in the improvement of the tribological performance of automotive components beyond what can be achieved with lubricant design alone. Lubricants are currently designed for metallic surfaces, the tribology of which is well defined and documented. DLC does not share this depth of tribological knowledge; thus, its practical implementation is stymied. In this work, three DLC coatings are tested: an amorphous hydrogenated DLC, a silicone-doped amorphous hydrogenated DLC and a tungsten-doped amorphous hydrogenated DLC. The three coatings are tested tribologically on a pin-onreciprocating plate tribometer against a cast iron pin in a group III base oil, and a fully formulated oil that consists of a group III base oil and contains ZDDP, at 100 °C for 6 h and for 20 h in order to determine whether a phosphor-based tribofilm is formed at the contact.
Introduction
Diamond-Like Carbon (DLC) coatings are gaining an increasing prevalence within many industries, including biomedical [1] [2] [3] [4] , automotive components (for both racing and select production vehicles) [3, [5] [6] [7] and magnetic storage media (further improved tribological properties) [3, 4, 8, 9] . The reasons for this interest are their low friction and low wear capabilities in tribologically demanding areas. Many review papers throughout the past few decades have been focussed on DLC coatings from the mid-80s -90s [10] [11] [12] [13] , to the early 2000s [14] [15] [16] [17] and more recently [1, 5] .
There is an increasing demand on automotive car engine manufacturers to find more innovative and environmentally sustainable technologies for passenger vehicle engines. Low friction and wear coatings for this purpose are being developed, and must be compatible with existing lubricants within the engine in order to be economically viable. DLC could be the solution to this problem; however, one question which has yet to be answered is whether DLC is compatible with existing engine lubricants. In this paper, the common anti-wear additive ZDDP will be used in order to determine if a tribofilm derived from this additive is formed.
Some authors have found a ZDDP derived tribofilm [18] [19] [20] and some have found no stable tribofilm on the DLC surface [21, 22] , rather that it was formed on the counter body and transferred to the DLC during sliding. This study focuses on three types of DLC coating, one amorphous hydrogenated diamond like carbon (a-C:H), a silicon doped DLC (Si-DLC), both of which were deposited at the University of Leeds, and a W-doped DLC (W-DLC) which is a Oerlikon Balzers Balanit C* coating. The coatings are characterised mechanically and chemically, using nano-indentation, atomic force microscopy (AFM), transmission electron microscopy (TEM), electron energy loss spectroscopy (EELS). X-ray photoelectron spectroscopy (XPS), white light interferometry and AFM was used in order to characterise tribofilms on the surface of the DLC.
Experimental Methodology

Experimental Details
The materials used in these experiments were as follows: for the substrates used to deposit the DLC, an M2 bearing grade steel was used, and for the counter body, a cast iron pin with curvature of 40 mm was used. The lubrication regime was boundary. This and the entrainment speed detailed in section 2.1.1 were chosen in order to represent those experienced by a cam follower in a passenger car vehicle. The a-C:H and Si-DLC were both deposited on a Hauzer Flexicoat 850 PECVD and PVD deposition rig, using acetylene as the hydrocarbon source and Hexamethyldisiloxane as the Si precursor for the Si-DLC.
Tribological Experiments
A pin-on-reciprocating-plate tribometer was used to evaluate the tribological performance of three DLC coatings; a schematic of this can be seen in figure 2-1. The frictional force was measured using a bi-directional load cell calibrated before the experiment. The friction force data was recorded every 5 minutes for 2 seconds in each of the tests. The tests were carried out for 6 and 20 hours and were repeated at least three times. Before the tests, the samples were cleaned in an ultrasonic bath in acetone for 15 minutes. Lubricant was added to the sample holder (4 ml) and brought to 100 °C before the test began. Two lubricants were selected for this study: (i) a group III base oil, and (ii) a fully formulated European group III base oil incorporating ZDDP additive and other species such as detergents, dispersants and antioxidants. The average linear speed during the tests was 0.015 ms -1 and the applied stroke was 10 mm. A load of 281 N was applied to the samples by a cast iron pin, with 40 mm radius of curvature, which corresponds to a Hertzian contact pressure of 750 MPa. 
. Wear Analysis
The total wear volume of the wear scar created by the tribological testing was determined using an optical white light interferometer. Dimensional wear coefficients corresponding to the wear rates were calculated by inputting the volume loss into Archard's wear equation:
Where: V is the wear volume (m 3 ), k is the dimensional wear coefficient per unit load and per unit distance (m 3 N -1 m -1 ), F is the normal load (N) and s is the sliding distance (m).
Hardness and Elastic Modulus
The coating hardness was measured using a nano-indentation platform (Micromaterials Nano-Test Platform) with a Berkovich type indenter. Measurements of the load-displacement curves were conducted at a load of 1 mN, these were then analysed using the Oliver and Pharr method [23] . The elastic modulus was calculated using equation 2 from the value of reduced modulus (E r ) given by the software.
Where E r is the reduced modulus, i and E i are the poisson's ratio (0.07) and elastic modulus (1141 GPa) of the indenter tip, respectively, s and E s are the poisson's ratio and the elastic modulus of the specimen, respectively.
The indenter and maximum load were chosen to ensure that the maximum penetration depth of the indentation was no more than 10% of the coating with a loading/unloading rate of 2 mN/min. A minimum of ten indentations was carried out on each sample.
TEM and EELS
Focussed ion beam transmission electron microscope (FIBTEM) sections were prepared from the samples using an FEI Nova 200 Nanolab dual beam scanning electron microscope, fitted with a Kleindiek micromanipulator. The ion column was operated at 30 kV and 5 kV, at beam currents between 5 nA and 0.05 nA and the electron column at 5 kV and 29 pA. The site of interest was coated in a 200 nm platinum layer in order to protect the surface. The surrounding material was removed using a gallium ion beam, and the finished section removed using the micromanipulator and attached to the TEM sample grid. The section was thinned to < 100 nm in order to be useful within the TEM. The TEM and EELS were carried out using a Philips CM200 FEGTEM operated at 197 keV. The EEL spectra were fitted according to Daniels et al [24] .
XPS
The chemical analysis of the tribofilms was carried out using a VG ESCALAB 250 X-ray Photoelectron Spectrometer (XPS) using high power monochromatized x-ray of aluminium K alpha source, high transmission electron optics and a multi-channel detector. An area of 500 m x 500 m was analysed in the wear scar region. A survey was carried out at a pass energy of 150 eV at first to determine which elements were present. Longer scans at 20 eV pass energy of the selected peaks were then obtained to gain a clearer picture of the chemical composition. CASAXPS software was used to analyse the data. The position of the C1s peak at 285 eV was used as the reference point for charge correction found in an XPS handbook [25] . The peak area ratio, full width at half maximum (FWHM) and difference between binding energies of the doublets were constrained. The processed data within this study has taken into account a linear or curved background approximation and is deemed appropriate for the comparison of the tribofilm formation between samples. The samples were rinsed for 10s in n-heptane prior to experimentation to remove any residual oils or contaminating species.
Results
Mechanical properties
The hardness and elastic modulus for the coatings tested in this section are presented in table 3-1. The H/E ratio is hypothesised to be a measure of the wear resistance of the coating, this has been recognised by several authors as being in very close agreement to a materials wear resistance [26] i.e. the higher the H/E ratio of a coating, the higher the maximum tensile elastic stress is predicted to be [27] , and can correspond with a higher wear resistance, this will be investigated within this work. The H/E ratios for the a-C:H, a-C:H:Si and W-DLC samples are presented in table 3-1.
As can be seen from the results in table 3-1, the a-C:H is substantially harder than the W-DLC and slightly harder than Si-DLC. Although it is only ~ 3 GPa harder than the Si, the elastic modulus of the a-C:H is significantly higher, suggesting that the Si inclusion in the DLC matrix lowers this value. The W-DLC has a high elastic modulus and a low hardness when compared to the Si-DLC. 
TEM and EELS
TEM samples were prepared from each of the coatings, figure 3-1 shows an example of curve fitting of an EELS spectrum of a-C:H. Three peaks are fitted in accordance with [24] . The percentage of sp 2 bonding is determined by comparing the ratio of the * peak to the total area, to the value of this found from pure graphite. This was done for each of the samples, a-C:H, a-C:H:Si and W-DLC and the results of which are presented in figure 3-2. only. The wear rate for the Si-DLC and W-DLC coatings are higher in when tested in fully formulated oil than in base oil. This is possibly due to an adverse reaction with the silicon and tungsten dopants within the oil which has been reported by other authors [28] , however some authors present an improvement in wear rates when the DLC incorporates silicon [29] . 
Atomic Force Microscopy
After the tribometer testing, it was apparent that the W-DLC did not perform well after complete coating removal within the wear scar, and as such was discontinued from further testing. The a-C:H and Si-DLC sample surfaces were inspected using a VEECO AFM before and after tribological testing, these images can be seen in figure 3-7, figure 3-8 and figure 3-9 respectively. It is apparent that tribofilm species are present on both the pin and plate as early as 6 hours, as is evidenced by the presence of zinc, phosphorus and oxygen as phosphate components detected on the surface by the XPS, shown in table 3-2 and table 3-3. The phosphorus peak at 133.7 eV, present on the a-C:H plate after 6 hours testing is typically associated with a glassy phosphate, and is the typical structure for a ZDDP tribofilm [20] .
In the 20 hours XPS results, the O1s peak shows a binding energy of 532.1 eV on the a-C:H surface, and 531.9 eV on the cast iron counter body surface, which is typically associated with phosphates and sulphates. After curve fitting the S 2p peak in both samples, it was found that this element exists in both samples as a sulphide [30] , rendering the O bonding to be that of a phosphate, which can be attributed to the phosphate tribofilm theorised to form. The O 1s peak corresponds to Fe 2 O 3 in the cast iron counter body, alongside the Fe 2p peak; this is known to react with the ZDDP in the lubricant to form a glassy phosphate tribofilm. 
Discussion
The mechanical properties of three Diamond-Like Carbon coatings deposited using plasma enhanced chemical vapour deposition (a-C:H, Si-DLC and W-DLC) have been determined and evaluated, alongside their tribological performance in two different oils; a group III base oil, and a fully formulated oil with a group III base stock containing the anti-wear additive ZDDP. The coatings will be compared with those in the literature, and the mechanisms of formation of a phosphate tribofilm will be discussed.
Tribochemical Interactions
ZDDP is commonly used as an anti-wear additive in boundary lubrication conditions. The protection mechanisms for ZDDP in a ferrous environment are well documented. Nascent iron and iron oxide wear debris generated during sliding form an integral part of phosphate film formation as described by some authors [31] , [32] , whereas others describe the formation as a purely thermally induced process [33] .
The formation of a phosphate film is based in the HSAB (hard and soft (Lewis) acid base theory [32] ). The digestion of the iron oxide in the phosphate glass protects the surface from wear; this process requires friction to generate the iron oxide particles. As the wear protection of the surface becomes more prevalent and Fe is no longer being worn from the surface of the cast iron pin, more negative charges are needed to balance the exchange of Zn 2+ with Fe 3+ . Thus the chain length of the long metaphosphates is shortened into pyrophosphates in order to provide the negative charges. This phosphate tribofilm is dynamic in that once the iron oxide particles are provided, the protection is sufficient to no longer need them, in which case the tribofilm has formed short pyrophosphates which protect the surface further; acting as 'molten' glass and allowing localised EHL (elastohydrodynamic lubrication) sites to occur on the surface of the sample.
a-C:H
Within this study, it is apparent that a glassy phosphate film has been discovered on the surface of both the a-C:H DLC sample and the cast iron counter body after 6 and 20 hours of testing on the tribometer. It is proposed that the phosphate present in the additive has reacted with the Fe 2 O 3 in the cast iron counter body as described above. It is then seen to transfer to the DLC surface during sliding, since this surface is inert and doesn't react with the ZDDP [34, 35] . The XPS results of the quantified chemical species shown after tribo-testing for 6   and 20 hours table 3-2 and table 3 -3, respectively, show that the phosphate present after 6 hours is mostly long chained Metaphosphate (59%), after 20 hours of testing, the shorter pyrophosphate chains dominate at a concentration of 67%. In the cast iron counter body, the phosphate occurs as short chain pyrophosphate (100%) after both 6 and 20 hours testing. It is seen in the literature that short chained pyrophosphate derived from the ZDDP anti-wear additive is more effective in protecting the surfaces than the long chain metaphosphates [36] .
This suggests that the film transferred to the DLC surface changes from long chained metaphosphates to short chain pyrophosphates at a slower rate, or that it is transferred gradually from the cast iron pin to the DLC. On the cast iron pin, the metaphosphate was not detected by XPS. The change to pyrophosphate here is much faster and thus protects the surface from an earlier stage.
The gradual transfer of the phosphate tribofilm to the surface of DLC is supported by other results; the wear rate of the a-C:H coating decreases over time, as is shown in figure 3-3 suggesting this gradual build up. The AFM images presented in figure 3-8 show a clear tribofilm present on the a-C:H surface after 20 hours, however this cannot be seen on the 6 hour sample image. This could be due to the tribofilm being too thin for the AFM to detect on the sample tested for 6 hours, since the XPS results presented in table 3-2 and table 3-3 show species on the surface of both samples tested at 6 and 20 hours, respectively, that are present in the classic ZDDP tribofilm, this shows that a tribofilm of this nature is indeed present after both 6 and 20 hours.
A much thicker tribo layer is seen in the AFM images for the a-C:H after 20 hours, it is suggested that due to the presence of the tribofilm as proven by the XPS data, the wear rate decreasing and wear volume remaining static, that the tribofilm is formed initially on the cast iron counter body surface and is gradually transferred to the a-C:H surface during sliding, eventually providing protection of this surface.
Si-DLC
The Si-DLC did not perform as well as the a-C:H in the tribometer tests with regards to wear rate, shown in figure 3-3 . The Si-DLC shows signs of coating removal from 6 hours in base oil, and the coating was completely removed in some areas after 20 hours of testing. In the fully formulated oil a similar trend was also seen. After 6 hours, some signs of coating removal were present; however, this was less severe than in the tests conducted in base oil. In the white light interferometer images seen after 20 hours testing in figure 3-4 it can be seen that some areas of the coating were completely removed, with some areas surrounding this that show signs of coating removal, but not wholly. In the areas where the coating remained, some protection may have been present -a possible tribofilm as seen in the AFM images in figure 3-9 -but any protection offered by the tribofilm had been negated as the coating had worn away faster than the tribofilm could build up. The wear mechanism is suggested to originally be that of adhesion, but after the coating begins to wear away, a third body interaction appears to be taking place which exacerbates removal of the coating.
W-DLC
The W-DLC coating was completely removed in each of the tribometer tests. This is evident from the wear rate. The wear rate values are an order of magnitude higher than those experienced by the a-C:H coating in base oil. This increase in wear for this type of coating has been noted in the literature. Kalin et al. [37] discovered recently that W-DLC did not perform well within a sliding environment in base oil or in a fully formulated oil with antiwear and extreme pressure additives. The W-DLC failure is attributed to severe adhesive wear and mutual transfer of coating and counter body species, causing an alteration in coating structure and the decomposition of the W-DLC, forming complex carbides ( -phase W 6-
x Fe x C). The drop in wear rate of the W-DLC seen in figure 3-3 at first glance seems promising, this is due to there being no coating left to wear through, and over time the wear rate appears lower. However, when the samples were analysed using white light interferometry, it was clear that the wear rate had decreased due to the coating being fully removed, and there being no material left to wear through. It has been suggested by Vengudusamy et al. [28] that wear induced graphitisation can inhibit the formation of the distinctive phosphate pad like structure, which is typically formed by the ZDDP additive, this mechanism could be inhibiting tribofilm formation within this study as seen in both the W-DLC and Si-DLC samples.
Friction
The steady state friction for Si-DLC and a-C:H are presented in base oil in figure 4-1 and in fully formulated oil + ZDDP in figure 4-2. Friction was seen to be affected by the ZDDP additive. Primarily an anti-wear additive, ZDDP was not expected to affect the friction in a large way. However, it was noticed in the a-C:H coating that friction indeed decreased over time, whereas the Si-DLC stayed consistent. by Vengudusamy et al. [28] , showing that friction is minimally affected by the ZDDP additive. The Si-doped DLC tested in base oil had a decreasing steady state friction over time, whereas in the fully formulated oil + ZDDP, the steady state friction increased over time. In both instances of lubrication, the Si-DLC coating had been removed at 20 hours testing; the presence of the ZDDP in the lubricant appears to increase the friction once coating removal has occurred, whereas in base oil this is reduced. The W-DLC experienced an increase in friction coefficient in both the base oil and the fully formulated oil + ZDDP, which again agrees with the results of Vengudusamy et al. [28] , however, unlike the results in this study, the coating had been completely removed by this time and therefore the friction measured was largely that between the substrate and the counter body, rather than the coating and the counter body.
Friction and wear
The coefficient of friction as a function of wear rate is presented in figure 3 -5. W-DLC was again excluded due to complete coating removal, therefore the friction value given being unrepresentative of that between the coating and the counter body. It is apparent that the combination of a-C:H and the fully formulated oil + ZDDP was the most successful in terms of the lowest wear rate and friction coefficient. The samples tested in base oil were very unstable with regards to friction and show high error due to this. The a-C:H sample performed better in both base oil and fully formulated oil + ZDDP, showing less friction and wear than the Si-DLC tested in fully formulated oil. This could be due to the a-C:H being harder than the Si-DLC, this property of the a-C:H could afford it higher wear resistance and lower friction. Also the synergy of the coating and the counter body with the ZDDP additive is clearly contributing to both the friction and wear resistance. The best coating and lubricant combination for these tests are indicated in the lower left hand side in figure 3-5 with regards to low friction and wear.
The wear rate of the a-C:H samples is shown as a function of the coating hardness in figure 4-3 and compared with those found in the literature. The sample was measured to be ~ 3 GPa harder than the Si-DLC; hardness is a property often attributed to increased wear resistance [38] and it is clear that this property has an impact in this instance, since even in the samples tribo-tested in base oil, the wear rate is lower in the harder sample (a-C:H) than of the Si-DLC, which is of lower hardness as indicated in figure 4-3. not necessarily equate to a higher wear resistance, in fact, the opposite appears to be true. The scratch testing takes place at room temperature and involves no lubrication, thus the softer coating (W-DLC) will have the opportunity to deform elastically, whereas the other, harder samples (with higher elastic modulus) do not. Bull et al. [39] performed a comparison on the wear resistance of TiN coatings to the scratch resistance and found the two to positively correlate, however these tests were conducted using no lubrication and thus the tribochemistry of the coatings were not under consideration. The H/E ratio of each of the samples is presented in table 3-1, the H/E ratio is sometimes used by authors as a tool to predict wear performance of coatings and other materials [26] which is said to indicate the materials elastic strain to failure, with a higher value of H/E being more conducive to a higher wear resistance. Of the three samples tested in this study, the W-DLC had the highest H/E ratio, signifying that it should have the best wear resistance. This was untrue for the samples tested in lubricant on the tribometer, however, the W-DLC sample outperformed both the a-C:H and Si-DLC on the scratch tests, reaching a critical load of 56. 
Conclusions
The following conclusions can be made from this study:
 It has been shown that ZDDP has an effect on the wear resistance of a-C:H coating surfaces when reciprocating against a cast iron counter body  A phosphate based tribofilm has been produced on the a-C:H surfaces  The phosphate tribofilm on the a-C:H surface has been shown to consist mainly of long chained metaphosphates after 6 hours sliding against a cast iron pin, devolving into short chained pyrophosphates after twelve/20 hours.
 It has been shown that the short chained pyrophosphates enhances the protection of the a-C:H surface more so than the short chained metaphosphates.  The phosphate film is transferred from the cast iron pin to the a-C:H surface over time.  ZDDP was seen to lower the friction minimally in the case of a-C:H  The Si-DLC used within this study was not adequate for the application due to coating removal during testing.  A tribofilm was seen to begin to form on the Si-DLC surface, but the removal of the coating preceded this, negating any protection it could potentially offer.  The W-DLC (Balanit C*) proved completely unsuitable for this application, being completely removed from the substrate after 6 hours of testing.  The H/E ratio is seen to be a helpful indicator of the samples' scratch resistance.
